Abstract: A rapid and efficient Agrobacterium rhizogenes mediated transformation system for Ocimum tenuiflorum L., a traditional Indian medicinal plant that occurs in red and green forma, was developed. The plant is a repertoire of several pharmaceutically and nutraceutically important metabolites. Three different types of explants i.e. leaves, hypocotyls and excised shoots, obtained from shoot cultures of in vitro germinated red and green forma plants were transformed using Agrobacterium rhizogenes strain ATCC 15834. The transformation efficiency was equal between similar explants of both forma. Transformation efficiency was best in leaves of 4 days while excised shoots and hypocotyls had 6 and 8 days respectively. Transformation frequency of green forma leaves was the highest (70.6%) among all explants. Excised shoots of green forma plants exhibited better transformation (58.3%) than the red forma excised shoots (42.59%). Red forma hypocotyl explants displayed marginally better (26.27%) transformation frequency than green hypocotyl explants (21.14%). Transformation with hairy root was confirmed by the presence of rolC gene through PCR amplification and Southern hybridization. The development of hairy root-based transgenic system for O. tenuiflorum will pave the way for in vitro production of important secondary metabolites.
Introduction
Ocimum tenuiflorum L. (family: Lamiaceae), the Indian Holy Basil, is an aromatic medicinal plant of immense importance that is indigenous to the Indian subcontinent (Paton et al. 2001) . The leaf extracts have been widely used for the treatment of various ailments like common cold and cough, digestive complaints and hepatic disorders (Simon et al. 1999 ). The plant is also mentioned in Ayurvedic and other traditional systems of medicine as ingredients of tonics for immunomodulation and memory enhancer (WHO Monograph, 2002) . This plant primarily occurs in two forma i.e. red and green. The red forma accumulates the pigment anthocyanin that is very reactive towards most reactive oxygen species (ROS) because of their electron deficiency (Galvano et al. 2004 ) and thus contributes towards health promoting properties as potent antioxidants. Both red and green forma plants harbor a wide diversity of volatile essential oils rich in phenylpropanoids and terpenoids (Jirovetz et al. 2003; Renu et al. 2014 ). These metabolites individually or in combination impart aroma, fragrance, UV protection and have important roles in plant defence or serve as signal molecules between plants and microbes (Viña & Murillo 2003) .
Agrobacterium rhizogenes, a gram negative soil borne bacterium, through chemotactic response from wounded plant cells, can introduce exogenous Ri plasmid into plant cells. Stable integration of the Ri T-DNA to plant genome induces the formation of neoplastic plagiotropic hairy roots caused by the root-inducing rol genes. Hairy roots have the unique ability to profusely grow in vitro in absence of phytohormones and every hairy root represents an independent transformation event. Genetic transformation of plants by Ri T-DNA is an effective strategy for induction and enhanced accumulation of secondary metabolites in the transformed cells (Gangopadhyay et al. 2010 ). Hairy root lines had been developed in numerous plant species for the production of valuable phytochemicals (Chaudhuri et al. 2005; Bettini et al. 2010; Aarrouf et al. 2012; Sudha et al. 2012; Danphitsanuparn et al. 2012; Sharafi et al. 2013; Zhao et al. 2013) . Hairy roots have also been used to regenerate complete transgenic plants (Gangopadhyay et al. 2010; Wu et al. 2012) . Therefore in the past two decades hairy root development and culture in various plant species has been a major focus of research.
Though O. tenuiflorum is a repertoire of several pharmaceutically and nutraceutically important phytochemicals, no previous report to enhance their levels 766 P. Vyas & K. Mukhopadhyay through hairy root culture is available. Therefore, the present study was focused on the development of an effective protocol for high frequency induction of hairy roots in O. tenuiflorum.
Material and methods
Sterilization of seeds, inoculation and in vitro plantlet development Seeds of red and green forma of O. tenuiflorum were obtained from Indian Botanic Garden, Howrah, India. The seeds were rinsed in running tap water for 1 h, soaked in 70% (v/v) ethanol for 30 s and then in 0.1% (w/v) HgCl2 for 5 min, and finally thoroughly rinsed with sterilized water. The surface sterilized seeds were sowed onto 0.7% agar solidified hormone free MS (Murashige & Skoog 1962 ) medium, pH 5.8 ± 0.2. Seed germination and seedling establishment were achieved at 25 ± 2
• C under 16 h light of 56 µmoles m −2 s −1 /8 h dark cycle. After 2 weeks, the shoots were excised and transferred to 100 mL flasks containing 30 mL MS basal medium supplemented with 30 g L −1 sucrose and 6 g L −1 agar, and were cultured under the same conditions. These shoot cultures were maintained by subculturing in MS basal medium and were used for explant preparation for transformation experiments.
Agrobacterium strain and growth conditions A. rhizogenes strain ATCC 15834 was used for the transformation experiments. The bacterial cultures were grown in 50 mL Yeast extract beef extract (YEB) liquid medium (Vervliet et al. 1975 ) supplemented with 50 mg L −1 rifampin at 28
• C for ∼12 h until absorbance of 0.390 at 590 nm of the bacterial cultures were achieved. The cultures were centrifuged at 4,000 g for 5 min and the bacterial pellets were re-suspended in 500 mL MS liquid medium supplemented with 100 µM acetosyringone. The cultures were allowed to grow for another 4 h at 28
• C at 80 rpm.
Transformation and establishment of hairy root cultures Different explants (excised shoots, hypocotyls and leaves) from 3-week old O. tenuiflorum shoot cultures were used for co-cultivation with A. rhizogenes. The excised shoots and hypocotyls (40 pieces each) were cut into 1-2 cm length, whereas leaves (40 pieces) were cut into discs of 1 cm 2 . Each explant was immersed in 40 ml bacterial suspension for 20 min, blotted on sterile filter papers to remove excess bacteria and placed on petri plates containing MS basal medium for co-cultivation. The petri plates were incubated in the dark. As control, few explants were immersed in sterile distilled water and were cultured the same way. After 2 days, bacteria were removed from the explants by washing with sterile water and transferred onto solidified MS medium supplemented with 500 mg L −1 cefataxime sodium. Explants that had developed adventitious roots were transferred to 25 mL MS liquid medium supplemented with 500 mg L −1 cefataxime sodium and 30 g L −1 sucrose and grown at 39 ± 1 • C on a rotary shaker set at 90 rpm for 48 h to completely remove bacterial contaminations (Xu et al. 2000) . The cultures were then continued to grow on solidified MS basal medium at 23 ± 1
• C and subcultured at weekly intervals.
Isolation of genomic DNA from hairy roots and Ri plasmids from A. rhizogenes The hairy roots (after one week of bacterial decontamination) so obtained from the above transformation procedure were subjected to molecular biology studies to ensure the integration of Ri T-DNA into the host genome. DNA isolation from hairy roots was done using DNA isolation kit (Macherey-Nagel GmbH & Co. KG, Düran, Germany) following the manufacturer's instructions. Ri plasmids were prepared from A. rhizogenes cultures following White and Nester (1980) . Quantification of the isolated DNA was performed in a spectrophotometer (Biophotometer, Eppendorf AG, Germany) at 260 nm and the purity was checked from A260/A280 ratio.
Amplification of rolC gene and Southern hybridization DNA amplification reactions were assembled in 20 µL volume consisting of 100 ng of genomic DNA isolated from hairy roots, 1× Taq polymerase buffer, 2.5 mM MgCl2, 0.75 Units of Taq DNA polymerase, 0.1 mM each of dATP, dCTP, dGTP and dTTP (all from Sigma Life Sciences, St. Louis, MO, USA), 0.2 µM of rolC gene specific forward (3' TGTGACAAGCAGCGATGAGC 5') and reverse (3' GATTGCAAACTTGCACTCGC 5') primers. Amplifications were performed using a GeneAmp PCR System 9700 Thermocycler that was programmed for an initial denaturation step at 95
• C for 5 min followed by 30 cycles at 94
• C for 30 s, 56
• C for 1 min and 72
• C for 2 min. In the final cycle, the elongation step at 72
• C was extended to 10 min. Amplified products were resolved by electrophoresis on 1.4% agarose gel. Easy Ladder I (Bioline Inc., USA) was used for the estimation of the molecular weight of the amplified products. Images of ethidium bromide stained gels were captured on a digital photo-documentation system (G Box, Syngene, Germany) and were analysed with InGenius Bio Imaging, Image Acquisition software (Syngene, Germany).
For Southern hybridization, 5 µg of genomic DNA isolated from hairy roots was digested overnight with XbaI, electrophoresed on a 0.8% agarose gel prepared in 1× TAE, and subsequently transferred to a positively charged nylon membrane (Immobilon NY+, Millipore Co., Bedford, MA, USA). The rolC probe (487 bp) was generated from the Ri plasmid DNA by PCR with primers mentioned above. The probe was labelled and detection was performed with DIG High Prime DNA Labeling and Detection Starter Kit II (Roche Diagnostics GmbH, Mannheim, Germany) according to the instruction manual.
Statistical analysis
Transformation experiments were set up in a randomized design using three replicates consisting of 40 explants each. The replicates were derived from separate shoot cultures. All data are represented as mean ± standard deviation.
Results and discussion
Research on hairy root development for enhanced production of valuable secondary metabolites has received a lot of attention to overcome various limiting parameters (Guillon et al. 2006 ). Since Ri T-DNA mediated genetic transformation has been effective in accumulation of secondary metabolites in hairy roots, various pharmaceutically important phenylpropanoids and terpenoids has been commercially produced from the related plant O. basilicum (Tada et al. 1995; Bais et Marzouk 2009) . But hairy root cultures have not been reported for O. tenuiflorum, an important resource of several secondary metabolites. Therefore, A. rhizogenes based appropriate transformation system was developed in the present study. As anthocyanins accumulate only in leaves and shoots of red forma and phenylpropanoids and terpenoids in leaves and shoot of both red and green forma O. tenuiflorum, it was anticipated that hairy roots derived from leaves and shoots might have the ability to amass the metabolites. Production of anthocyanins by hairy root cultures derived from anthocyanin accumulating storage roots of Ipomoea batatas had been successfully achieved previously (Nishiyama & Yamakawa 2004) .
The ATCC 15834 strain, an agropine type of A. rhizogenes was used in the present study to successfully develop hairy roots from different explants of both red and green forma of O. tenuiflorum. Root initials could be observed quite early at the infection sites, within 4-5 days, in leaf explants of both red and green forma plants (Fig. 1a, b) . It took 2 weeks in Arachis hypogea (Medina-Bolivar et al. 2007 ), 3 weeks in Ocimum basilicum (Tada et al. 1995) and Azadirachta indica (Satdive et al. 2007 ), 4 weeks in Ipomoea batatas (Nishiyama & Yamakawa, 2004) and 2-5 weeks in Saussurea involucrata (Fu et al. 2005) . Different strains of A. rhizogenes have differential susceptibility to infect different plant species might be the key factor for such variations (Medina-Bolivar et al. 2007 ). The hairy roots obtained in the present study were mostly unbranched and densely covered with root hairs (Fig. 1a, b) . In the initial stages, the hairy roots had an average root thickness of 2 mm. Separate hairy root lines were developed and maintained for red and green forma O. tenuiflorum on MS media containing cefataxime to eliminate excess Agrobacterium. The lines that were able to grow vigorously on plant growth regulator free media were only selected and maintained (Fig. 1c, d ). There was no hairy root induction in the control explants.
Transformation efficiency, i.e., the average number of days required for induction of hairy roots (Ooi et al. 2013 ) was found to differ among the explant sources used in this study but were very similar for green and red forma plants (Table 1) . Transformation efficiency was best observed in leaves, followed by excised shoots and the least efficiency was observed with hypocotyls (Table 1) . Whereas, transformation frequency, i.e., the numbers of hairy root arising from each explant, varied between the two forma. The green forma had a better percentage of transformation frequency for all types of explants compared to respective explants from red forma plants (Table 1) . * Average number of days is rounded up to the nearest one significant figure ** NA not applicable. n = 3; Data are presented as the mean ± SD *** % calculated after four days of the first hairy root induction in explants. Inflicting wound to the plant tissue is essential for initiation of Agrobacterium based genetic transformation. This wounding process directs signal phenolics that might enhance the interaction of putative cellwall binding factors with the bacterium (Gelvin 2000) . Acetosyringone, a phenylpropanoid-type natural phenolic signal molecule involved in plant-pathogen recognition, is released during the wounding process. It is frequently used as a supplement in culture media to efficaciously augment transformation procedure in various plant species (Sheikholeslam & Weeks 1987) . Acetosyringone also activates the vir genes on Ti/Ri plasmids of Agrobacterium which are absolutely required for the T-DNA delivery to plant tissues (Gelvin 2000) .
To assess the genetic status of the hairy roots, PCR based analysis, targeted towards rolC gene of A. rhizogenes, was initially performed. Amplification of a 487 bp rolC DNA fragment from all hairy root lines selected on the basis of their vigorous growth in hormone-free MS media indicated successful integration of TL-DNA to O. tenuiflorum genome (Fig. 2) . As rolC gene is located on independent TL-DNAs of Ri plasmids, its presence from plant-derived DNAs confirm the integration to plant genome. Southern hybridization using the amplified rolC gene as DIG labeled probe showed different hybridization patterns between DNAs isolated from hairy roots of red and green forma transformed plants. The hairy roots from each forma showed the insertion of single copy of rolC gene (Fig. 3, lanes R and G) , while no hybridization signal was detected in untransformed root (Fig. 3, lane C) .
The major objective of the present study was to establish a well defined protocol for quick and highfrequency induction of hairy roots in O. tenuiflorum. Green forma of O. tenuiflorum showed high transformation frequency and leaves were the best among the explants in terms of both transformation efficiency and frequency. Though it is hard to explain as to why hairy roots developed more in green forma leaves, in an earlier study (Renu et al. 2014 ) it was observed that green plants accumulated more signaling phenolics like phenylpropenes whereas red plants accumulated more anthocyanins. These phenylpropenes, like acetosyringone might influence more hairy root formation in the green forma. This preferential accumulation of separate metabolites between the two forma might have some role in differential induction of hairy roots. Further, these hairy roots can be induced to release the phytochemicals into the culture media and thus reduce the bioprocessing challenges of their extraction and purification from intact cells.
